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Abstract: Given their numerous functional and architectural benefits, such as improved bearing capacity and increased resistance to elastic instability modes, cold-formed steel (CFS) built-up sections have become increasingly developed and used in recent years, particularly in the construction industry. This paper presents an analytical and numerical study of assembled CFS two single channel-shaped columns with different slenderness and configurations (back-to-back, face-to-face, and box). These columns were joined by double-row rivets for the back-to-back and box configurations, whereas they were welded together for the face-to-face design. The built-up columns were filled with ordinary concrete of good strength. Finite element models were applied, using ABAQUS software, to assess mechanical performance and study the influence of assembly techniques on the behavior of cold-formed columns under axial compression. Analytical approaches based on Eurocode 3 and Eurocode 4 recommendations for un-filled and concrete-filled columns respectively were followed for the numerical analysis, and concrete confinement effects were also considered per American Concrete Institute (ACI) standards for face-to-face and box configurations. The obtained results indicated a good correlation between the numerical results and the proposed analytical methodology which did not exceed 8%. The failure modes showed that the columns failed due to instabilities such as local and global buckling.
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Nomenclature


	CF-CFS	Concrete-filled cold-formed steel

	CFS	Cold-formed steel

	CFST	Concrete-filled steel tube

	B	Width of the cross-section

	bp	Width of the profile

	H	Height of the cross-section

	C	Length of dropped edge

	R	Bend radius

	t	Thickness of the cross-section

	B’	Width of the concrete

	H’	Height of the concrete

	Es	Young’s modulus of steel

	νs	Poisson’s ratio of steel

	fc	Compressive strength of unconfined concrete

	Ɛc	Compressive strain of unconfined concrete

	fl	The confining pressure of the concrete

	k1, and k2	Constants, which were set as 4.1 and 20.5, respectively

	Ecc	Modulus of elasticity of concrete

	νc	Poisson’s ratio of concrete

	fcc	Compressive strength of confined concrete

	Ɛcc	Compressive strain of confined concrete

	k3	Material degradation parameter

	Aeff	Effective cross-sectional area

	Nc.Rd	Compressive strength

	λ¯	Reduced slenderness

	βA	Coefficient of reduction of the section

	NPl,Rd	The plastic resistance

	Ac	Cross section of concrete

	As	Cross-section of steel

	γM1, γc	Partial material safety factor of steel 1.1 and concrete 1.5, respectively

	Ncr	The elastic critical normal force for the relevant buckling mode, calculated with the effective flexural stiffness (EI)e

	(EI)e	The flexural rigidity of the composite column relative to the buckling plane considered

	lf	Buckling length of the column

	Ecm	The secant modulus of elasticity of the concrete

	γc	The safety coefficient for stiffness which was equal to 1.35

	NPl,R	The value of the plastic resisting normal force NPl,Rd calculated by setting all partial safety factors γM1, γc equal to 1 (i.e., using the characteristic strengths of the materials)

	γ	Density

	fy	Yield strength of steel

	fu	Tensile strength of steel

	Ɛy	Yield strain of steel

	Ɛu	Ultimate strain of steel

	fctm	Average tensile strength

	fctk 0.05, fctk 0.95	Characteristic tensile strengths of concrete

	χd	The reduction coefficient



1  Introduction

In recent years, the utilization of cold-formed steel (CFS) components in the construction industry has surged, primarily due to advancements in manufacturing technology, which encompass superior-quality steel, intricate section designs, and enhanced forming techniques [1,2]. These developments have not only enhanced the competitiveness of this structural solution but have also resulted in a growing market share on a global scale [3,4]. Cold-formed steel materials are commonly shaped into a variety of sections, such as Z-sections, C-channel sections, hat sections, and other specialized profiles [5,6]. Typically, these shapes are achieved by cold-forming steel sheets through either bending or rolling processes to attain the desired configurations [7–10]. Thin-walled CFS sections, in particular, are increasingly establishing a presence in the steel construction industry owing to their lightweight nature, rapid and straightforward assembly, precision in dimensionality, and wide range of achievable shapes [11–14]. However, it is important to note that these thin-walled elements, especially those featuring open cross-sections, are highly susceptible to structural instabilities like local and distortional buckling. Consequently, to support significant loads, the use of assembled elements becomes indispensable [15].

In the construction industry, the significance of CFS built-up elements has grown substantially in recent times driven by their numerous advantages, including enhanced strength and rigidity, underpinning their employment when hot-rolled or CFS individual sections cannot support the applied loads [16–18]. Assembled sections generally consist of two or more sections connected either back-to-back to create open sections or face-to-face to produce closed sections [19,20]. It is noteworthy that the axial compressive capacity of built-up elements is typically twice as robust as that of their constituent parts. Furthermore, closed sections exhibit superior torsional rigidity compared with open sections [21].

Cold-formed profiles come with certain drawbacks, notably their elevated slenderness (width/thickness ratio), which can lead to instability modes within the cross-section, including local, distortional, and global buckling [22,23]. When these profiles are subjected to forces applied in their plane, part of the cross-section in compression may buckle long before reaching its elastic limit, although, the presence of this buckling is not automatically accompanied by the ruin of the member. Through buckling, the cross-section of a member is deformed, and this deformation causes rotations without any translation (pure rotation) [22,24]. Furthermore, global buckling is characterized by a translation as a rigid body (translation and/or rotation without undergoing deformations) without an invariability of the cross-section at the level of the flanges and the web. In contrast, buckling by deformation affects part of the corners and stiffeners, leading to lateral displacement [25,26].

Concrete-filled steel tube (CFST) columns find frequent application in civil construction as a reliable solution to address buckling issues, owing to their geometrical qualities, outstanding compression and fire performance, excellent strength, and ductility compared with reinforced concrete or ordinary steel sections [27–30]. The appropriate combination between steel and concrete, especially in the case of tubular columns, offers a commendable concrete confinement effect, particularly when contrasted with square columns, due to the favorably low width/thickness ratio [31]. While the confinement effect of the steel tube on the concrete core improves the concrete’s resilience, the concrete core in the steel tube mitigates or retards the onset of local buckling in the steel tube [32]. Various researchers found that the confinement effect between the outer steel tube and the concrete fill is a key factor for CFST columns, which implied that the concrete inside these tubes required no additional formwork or reinforcement, as its outer surface is shielded from any exterior influences [33,34]. Also, local buckling of the steel tube is postponed, since it can only occur within the concrete, which itself can only deform on the outside [35].

Recently, the development of concrete-filled cold-formed steel (CF-CFS) built-up columns offers the flexibility of combining in diverse geometric configurations, as this pairing of steel and concrete not only augments the load-bearing capacity of the structural element under compression but also elevates the structure’s fire resistance and safety. Consequently, these composite solutions have the potential to overcome instability problems, further exploit the mechanical properties, and promote the utilization of high-strength steel [36]. Rahnavard et al. [37–40] investigated the performance of cold-formed steel built-up columns filled with concrete under various parameters, encompassing compression, fire resistance, and equivalent temperature. Their obtained results showed a good accuracy between the experimental results and the proposed methodology. Craveiro et al. [41] investigated the factors influencing the fire performance of concrete-filled built-up cold-formed steel columns including dimensions, properties, and geometry. The findings demonstrated that the combination of steel and concrete components provided improved fire resistance, delaying structural failure, and ensuring the columns’ integrity during fire events. Chen et al. [42] investigated how axial compression loads affect the structural behaviour of built-up cold-formed steel section stub columns filled with concrete. To assess the columns’ load capacity, deformation, and failure modes, experimental tests were carried out. Additionally, the behaviour of the column was examined by considering some factors, such as column dimensions, steel thickness, and concrete grades. In the research by Teoh et al. [43], the cold-formed concrete-filled box columns were put through experimental tests to determine their deformation characteristics, load-carrying capacity, and failure modes. The findings shed important light on these columns’ structural reaction and failure mechanisms, as well as on how to improve their design and use them in building projects. In addition, Senthilkumar et al. [44] studied the effect of longitudinal stiffeners under compression on the cold-formed steel square columns filled with concrete for various slenderness values, both numerically and experimentally. It demonstrated that there was a positive impact of the stiffeners within the slenderness range, attributed to a reduction in the buckling factor.

According to the literature, EN 1994-1-1 [45] addresses fundamental concepts and related design methods of hot-formed composite columns (steel-concrete). However, there is a notable absence of research regarding the behavior of cold-formed steel columns filled with concrete. To strengthen the understanding of this category, a very powerful numerical model has been developed that takes into consideration the fabrication process of cold-formed elements and aims to identify the most efficient design to reduce column instability.

When a slender member with a small thickness is subjected to axial compressive loading, it may locally buckle at certain points along its length where the stresses are highest. Therefore, it is necessary to analyze factors contributing to local buckling, such as the applied loads, and boundary conditions. All recent studies neglected to consider the influence of the assembly method on the behavior of cold-formed steel built-up columns filled with concrete. The behavior of rivets was replaced by interactions, which do not reflect the reality in practice. This paper presents a nonlinear numerical and analytical study of double-C columns constructed from cold-formed steel in different configurations (back-to-back, face-to-face, and box) of various lengths (600, 1200, 1800, and 2000 mm). The addition of concrete in these built-up columns could significantly enhance the mechanical performance of CFS sections and reduce instability-induced deformations. The nonlinear numerical simulation was based on the finite element method and was performed using ABAQUS software. To validate the numerical results, an analytical approach based on the specifications of EN 1993-1-3 [46] and EN 1994-1-1 [45] was employed, along with the use of ACI [47] to integrate the confinement theory. Additionally, the paper examines the effects of local buckling on stress distribution and lateral strains in the assembled columns, highlighting the redistribution of stresses following buckling.

2  Analytical Investigations

The main objective of civil engineering is to create more economical and resistant elements. This is achieved through research into new profile shapes, calculation methods, and assembly techniques. As a result, modern techniques are converging toward composite sections. This study was devoted to determining the mechanical strength of cold-formed composite columns, both un-filled and filled with concrete. Each column was comprised of two cold-formed steel C-profiles with different configurations. These composite columns were then filled with ordinary, non-reinforced concrete, which had a density of approximately 2400 kg/m3.

Several types of research have confirmed that the un-filled cold-formed steel built-up column filled with concrete is a better solution that can be used. The analytical part of this investigation was based on Eurocode 3 Part 1-3 [46], which covers the construction of cold-formed steel buildings and civil engineering structures. Eurocode 4 Part 1-1 [45] covers the design methods for composite elements (steel-concrete).

2.1 Geometry Details of the CFS Built-Up Columns

Our research focused on studying the behavior of cold-formed built-up columns through the effect of slenderness (Fig. 1). Three positions of assembled cold-formed columns were investigated: the first was a back-to-back configuration (Fig. 2a), where the two C-sections were connected at the web using double row flat-head rivets with a transverse pitch of 35 mm. However, the longitudinal pitch between the rivets was 50 mm as shown in Fig. 2d. The second configuration involved a face-to-face arrangement with connections made through ordinary welding (Fig. 2b). The rivets used were 6 mm in diameter and of nuance S235, with a tensile strength at rupture of 400 MPa. In the box configuration, the rivets were placed in the upper and lower flanges at 50 mm spacing in a single row (Fig. 2c), and the use of this configuration offered many advantages such as stiffening the flanges of the assembled element and eliminating the need for concrete formwork during pouring.
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Figure 1: Three-dimensional geometry of CFS built-up un-filled profiles: (a) Back-to-back; (b) face-to-face; (c) box
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Figure 2: Cross-section of assembled CFS un-filled models: (a) Back-to-back; (b) face-to-face; (c) box; (d) longitudinal view of the back-to-back model

The three models shown in Fig. 1 were filled with concrete of strength class C25/30, as depicted in Fig. 3. The cross-sectional geometry of the un-filled and concrete-filled columns is shown in Figs. 2 and 4, respectively. The dimensions were chosen following the rules and limitations of Eurocode 3 Part 1-3 [46]. Therefore, we studied cold-formed double-C columns of different lengths (600, 1200, 1800, and 2000 mm) with a thickness of 1.2 mm. The steel quality was CR250, classified as Class 4. All geometrical properties of the un-filled and concrete-filled models are presented in Table 1.
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Figure 3: Three-dimensional geometry of CFS built-up profiles filled with concrete: (a) Back-to-back partially encased with concrete; (b) face-to-face filled with concrete; (c) box filled with concrete
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Figure 4: Cross-sectional geometry of C-section models filled with concrete: (a) Back-to-back partially encased with concrete; (b) face-to-face filled with concrete; (c) box filled with concrete
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2.2 Concrete

The behavior of concrete-filled columns presented in Fig. 5 was based on the theories of confined concrete, which were abstracted from the ACI (American Concrete Institute) Committee 318 (1999) [47]. From the stress-strain relationship curves, the compressive strength ƒc of unconfined concrete and its corresponding strain Ɛc, which equals 0.003 according to the ACI, were smaller than those of confined concrete (fcc and Ɛcc). This indicated the use of confinement parameters.

[image: images]

Figure 5: Stress-strain relationship of unconfined and confined concrete

As derived from Mander et al. [48], the termination of the compressive plastic strain and strength of confined concrete is suggested in Eqs. (1) and (2):

fcc= fc+k1fl(1)

εcc=εc(1+k2flfc)(2)

wherek1 and k2 are constants based on the study by Richart et al. [49] and which were set as 4.1 and 20.5, respectively; Ɛc and fc are the compressive strain and strength of unconfined concrete, respectively; Ɛcc and fcc are the compressive strain and strength of confined concrete, respectively; fl is the confining pressure of the concrete.

The B/t ratio significantly influences the behavior of concrete-filled columns, especially in minimizing local instabilities. When the B/t ratio is high, reinforced columns are more likely to experience local buckling compared with those with a low B/t ratio [31]:

flfy=0.055048−0.001885(Bt) if(17 ≤ Bt ≤ 29.2)(3)

flfy=0 if(29.2 ≤ Bt ≤ 150)(4)

where B is the width of the cross-section; t is the thickness of the cross-section; fy is the yield strength of steel.

For concrete-filled rectangular sections, the material degradation parameter, k3, is given by [31]:

k3=0.000178(Bt)2−0.02492(Bt)+1.2722 if(17 ≤ Bt ≤ 70)(5)

k3=0.4 if(70 ≤ Bt ≤ 150)(6)

The studied sections were classified as Class 4, influenced by the ability of the cross-sections to plasticize, wherein local buckling limits the compressive strength for axially loaded elements. The determination of the effective cross-section properties was based on the effective width method detailed in Eurocode 3 Part 1-3 [46].

2.3 Effective Section

The determination of the effective cross-section was based on the effective width method according to EN 1993-1-3 [46] and the study by Ye et al. [24]. In the effective width approach, rather than considering the non-uniform distribution of stress across the width of the element, it is assumed that the entire load is supported by an effective width be, which is subjected to uniformly distributed stress equal to the stress at the edge of the plate [50,51], as illustrated in Fig. 6.
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Figure 6: Evolution of the stress distribution during the loading of a stiffened element

The calculation of the post-critical force of a stiffened planar element was thus simplified to determine the effective width. Also, strength reductions due to local buckling effects were considered. For the C-section, the effective width was determined for each compression part and then the ultimate load of the section could be obtained by assuming that the load was taken up only by the effective sectors. The effective cross-section for a C-section was determined by the following equation:

Aeff=t[be1+be3+he1+he2+(be2+ceff1)χd1+(be4+ceff2)χd2](7)

where χd is the reduction coefficient.

The design process was based mainly on determining the critical elastic loads for these failure modes. The effective cross-sections of the models studied were of Class 4 and under compression as presented in Fig. 7.
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Figure 7: The effective cross-sections of the studied columns

2.4 Buckling Resistance according to Eurocode 3 and Eurocode 4

For the Class 4 un-filled built-up short columns, local buckling in one or more cross-sections prevents the attainment of the plastic flow load, limiting the design compressive strength to the local buckling resistance. The compressive strength is given by:

Nc,Rd=AefffyγM1(8)

where Aeff is the effective cross-sectional area, and Nc.Rd is the compressive strength.

For compressed slender columns, resistance verification according to Eurocode 3 [46] was based on the buckling lengths for each of the two main axes, depending on the connections at their ends. Furthermore, the minimum moment of inertia required to withstand the critical Euler loads was used to pre-dimension the element. The verification formula given in Eq. (9) was then applied, where the reduced slenderness λ¯ and the coefficient χ were calculated based on the profile’s fabrication process and edge thicknesses, using one of the buckling curves and the slenderness λ¯.

Nsd=Nb,Rd=χβAAsfyγM1(9)

βA=AeffAsFor Class 4 cross-sections(10)

where βA is the coefficient of reduction of the section, As is the cross-section of steel.

To determine the design buckling resistance Nsd for composite columns which was specified in EN 1994-1-1 [45], the reduction coefficient χ was calculated according to EN 1993-1-3 [46] presented in Eq. (11).

Nsd ≤ χNPl,Rd(11)

There is a complete interaction between the steel section and the concrete section, right up to the point of failure. Geometric and structural imperfections were considered in the calculation, and the straight sections remained flat when the column was deformed. The compressive strength in the case of concrete-filled columns proposed by EN 1994-1-1 [45] was obtained by adding the plastic strengths of the constituent elements (steel plus concrete) of that section. Cold-formed steel profiles are classified as Class 4 according to EN 1993-1-3 [46], so the effective cross-section was the one that was performed. Therefore, Eqs. (12) and (13) were for sections encased and filled with concrete, respectively.

NPl,Rd=AefffyγM1+0.85Acfcγc(12)

NPl,Rd=AefffyγM1+Acfcγc(13)

where Ac is the cross-section of concrete, γM1, γc are the partial material safety factor of steel 1.1 and concrete 1.5, respectively.

The reduced slenderness λ¯ of the concrete-filled column was given by Eq. (14), where the plastic resistance NPl,R was calculated by setting all partial safety factors γM1, γc equal to 1 and the critical elastic load Ncr was calculated using the Euler’s formula which is presented in Eq. (15). For short duration loads, the effective elastic bending stiffness (El)e of the cross-section of a composite column was determined by Eqs. (16)–(18).

λ¯=NPl,RNcr(14)

Ncr=π2(EI)elf2(15)

(EI)e=EsIs+0.8EcdIc(16)

whereEcd=Ecmγc(17)

Ecm=9.5(fc+8)13(Ecmisexpressed inkN/mm2andfcin  N/mm2)(18)

where lf is the buckling length of the column, Ecm is the secant modulus of elasticity of the concrete, γc is the safety coefficient for stiffness which is equal to 1.35.

To confirm the analytical results, a three-dimensional numerical study was carried out with the finite element software ABAQUS.

3  Numerical Investigations

The principle of finite element analysis is that a structure is divided into a finite number of elements with finite sizes and degrees of freedom [52,53]. In this paper, a non-linear finite element analysis using ABAQUS software was conducted, specifically for its high-performance treatment of non-linear problems [7,54–57]. The numerical simulation involved many steps, with the most important ones being the design of the model, the assignment of material behavior, boundary conditions, interaction, and loads, as well as the choice of the mesh type [11]. The numerical modeling of cold-formed steel C-shaped columns, with a thickness of 1.2 mm and different configurations (back-to-back, face-to-face, and box), whether un-filled or concrete-filled, is shown in Figs. 8 and 9, respectively. These columns were subjected to compression, considering changes in column lengths (600, 1200, 1800, and 2000 mm). The steel used was of nuance CR250, exhibiting a perfectly plastic elastic behavior, as illustrated in Fig. 10, where Ɛy and Ɛu represent the yield and ultimate strains of the steel, respectively. Along with a good-strength concrete of grade C25/30, their mechanical properties are presented in Tables 2 and 3, respectively.
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Figure 8: Numerical models of cold-formed built-up un-filled C-columns: (a) back-to-back; (b) face-to-face; (c) box
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Figure 9: Numerical models of cold-formed built-up C-columns filled with concrete: (a) back-to-back partially encased with concrete; (b) face-to-face filled with concrete; (c) box filled with concrete
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Figure 10: Stress-strain relationship of steel
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Table 2 shows the mechanical properties of the steel with a nuance of CR250 such that fy and fu are the yield and the tensile strengths of the steel, respectively. The nuance of the steel was extracted from the recommendations of EN 1993-1-3 [46].

Table 3 shows the mechanical properties of concrete strength class C25/30 such that fc is the associated compressive strength, fctm is the average tensile strength, and fctk 0.05, fctk 0.95 are the characteristic tensile strengths of concrete according to EN 1994-1-1 [45].

3.1 Loading and Boundary Conditions

In all models, as shown in Fig. 11, the lower rigid plate that contacts the end of the column was fixed in three translation directions (Ux, Uy, Uz), and the upper rigid plate, which contacts the top of the column, was fixed in two translation directions (Ux, Uy), allowing the Uz direction (column axis) to remain free for applying a displacement of 10 mm.

[image: images]

Figure 11: Loading and boundary conditions of C-section columns

3.2 Interaction Contact and Mesh

Contact interaction defines the pressure, adhesion (normal), and friction (tangential) stresses that arise from contact between deformable objects at common points or surfaces. In our study, the surface-to-surface contact interaction was adopted. For the interaction between C-profiles and the rivets, we used friction (penalty = 0.3) for tangential behavior and “hard contact” for normal behavior, as shown in Fig. 12a. On the other hand, in the steel-concrete interaction (Fig. 12b), we use friction (penalty = 0.25) [58] for tangential behavior and “hard contact” for normal behavior. For the interaction between the rigid plates, and the ends and tops of the columns, we used the “Tie” option (Fig. 12c). Additionally, the interaction between the rigid plates and the concrete at both ends (Fig. 12d) was set to “Rough” for tangential behavior and “hard contact” for normal behavior [32].
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Figure 12: Contact interaction of cold-formed built-up C-section columns for (a) C-profiles-rivets interaction, (b) steel-concrete interaction, (c) plate-steel interaction, and (d) plate-concrete interaction

Regarding the finite element meshing of the models (Fig. 13), we adopted an R3D4-type mesh for the rigid plates. This mesh consisted of a 4-node 3-D bilinear rigid quadrilateral element as per the ABAQUS library [59]. For the columns and the concrete, we used the C3D8R element type, an 8-node linear brick solid element with three degrees of freedom at every node. Also, for the rivets, we employed the C3D10 element type, a 10-node quadratic tetrahedron. We conducted a sensitivity analysis to determine the optimal mesh size for achieving convergence to an exact solution. The selected mesh sizes were 1 mm for the rivets and 10 mm for the other components, including cold-formed columns, concrete, and plates.

[image: images]

Figure 13: Mesh of cold-formed built-up C-section columns

4  Results and Discussion

4.1 Columns Un-Filled with Concrete

The understanding of the fundamental behavior of cold-formed structural assembled elements remains somewhat limited, and the assessment of their stability poses a challenging task. In examining the load-strain state in the middle of the un-filled back-to-back built-up columns according to different slenderness, our findings indicated that, up to a load of 80 kN, columns measuring 600, 1200, and 2000 mm exhibited similar elastic responses. However, beyond this threshold, plasticity became evident in these columns, leading to issues of elastic instabilities as has been confirmed in several reports in the literature such as the report by Roy et al. [19]. Notably, the 1800 mm column displayed negative compression deformations up to an 80 kN load, while the 1200 mm length column showed a maximum plastic deformation of approximately 5.03 × 10−3 (Fig. 14a).
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Figure 14: Load-strain states of cold-formed steel built-up un-filled C-columns: (a) Back-to-back; (b) face-to-face; (c) box

In the case of the face-to-face built-up model, the load-strain state at the midpoint revealed that the extension of the length could induce instability during the initial elastic phase, necessitating explicit consideration of both local and global buckling effects [60]. The shorter model presented a stiffness profile characterized by substantial plastic deformation of order 87.88 × 10−3, indicative of steel-yielding behavior (Fig. 14b).

The load-strain behavior in the middle of the box columns, as illustrated in Fig. 14c, demonstrated consistent linear responses across various slenderness ratios. However, a notable transition into plastic deformation was observed, with an amplitude of approximately 18.04 × 10−3 in the 1200 mm length column, mirroring the behavior observed in the back-to-back built-up columns. Interestingly, there was a significant 72.12% reduction in deformation in the back-to-back model when compared with the box model. Additionally, it was noteworthy that the box columns exhibited an increase in failure load by approximately 30% compared with the back-to-back and face-to-face models.

4.2 Columns Filled with Concrete

When investigating the columns after the concrete filling, specifically the load-strain behavior at the midsection of the cold-formed columns connected in a back-to-back configuration at varying lengths (Fig. 15a), a significant reduction in deformations was observed, accompanied by a twofold increase in strength when compared with the un-filled model with a load of P = 152 kN. This enhancement in performance was attributed to the synergistic interaction between the concrete core, which was confined by the outer shells, leading to increased stiffness and strength [37,61].
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Figure 15: Load-strain states of cold-formed steel built-up C-columns filled with concrete: (a) Back-to-back partially encased with concrete; (b) face-to-face filled with concrete; (c) box filled with concrete

We observed that the behavior in the central region of the column, whether in a face-to-face configuration, either filled or un-filled, demonstrated a moderate influence that remained within a 40% range. This was evident from the similarity in the shapes of the load-strain curves in both cases, as shown in Figs. 14b and 15b. Depending on the slenderness, the columns exhibited instability characterized by outward local buckling in the web portion. The face-to-face model showcased a 19% increase in plasticity bearing compared with the back-to-back model, as presented in Fig. 15b.

The concrete-filled box configuration model showed a 16% boost in rigidity when contrasted with the other configurations, namely back-to-back and face-to-face. Notably, among the columns of different lengths, those measuring 600, 1200, and 1800 mm demonstrated elastoplastic behavior followed by instabilities. In contrast, the 2000 mm length column lost its instability at the first elasticity level (Fig. 15c).

4.3 Lateral Displacement of Columns

The columns exhibited distinct behaviors based on their slenderness, with high-slenderness columns tending to buckle within the elastic range, while those with intermediate slenderness were notably susceptible to imperfections. From a comparative analysis of cold-formed built-up columns in various 2000 mm length configurations, it was evident that these models experienced elastic instabilities. For un-filled columns (Fig. 16a), the maximum lateral displacement occurred at the mid-length (1000 mm) and manifested as global buckling in the face-to-face configuration and at 550 mm in the box configuration. The back-to-back configuration columns exhibited local buckling at lengths of 450 and 1200 mm.
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Figure 16: State of lateral displacement (U1) according to the length of C-section built-up columns (a) un-filled with concrete, and (b) filled with concrete

In contrast, concrete-filled columns (Fig. 16b) demonstrated a distinct behavior. Global buckling occurred at 800 mm for face-to-face columns under positive displacement (traction) and for back-to-back columns under negative displacement (compression). However, in the box configuration, there was a noticeable improvement when concrete was added, resulting in significantly reduced lateral displacement (a 92% reduction compared with the un-filled model). Furthermore, the concrete-filled model with a face-to-face configuration exhibited a 28.37% reduction in lateral displacement compared with its un-filled counterpart.

4.4 Failure Modes of Columns

Due to the increasing complexity of cold-formed steel section shapes, the calculation of local buckling has become more complicated, and distortional buckling is of increasing importance. Local and distortional buckling can be considered as sectional buckling modes, and they can interact with each other, as well as with global buckling.

Fig. 17 and Table 4 present the failure modes of the cold-formed un-filled back-to-back C-columns at different lengths. It was noteworthy that all the columns experienced local buckling due to their relatively thin thickness, characterized by a rotation deformation without translation along the internal bending lines.
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Figure 17: Failure modes of back-to-back C-section columns un-filled with concrete: (a) L = 600 mm; (b) L = 1200 mm; (c) L = 1800 mm; (d) L = 2000 mm
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The cold-formed C-columns, connected back-to-back and partially encased with concrete at various lengths (Table 4), revealed that the 600 and 1200 mm columns experienced a mode of failure characterized as distortional buckling with disbonding between the contact surfaces of steel and concrete, i.e., buckling of the fallen edges towards the outside, as shown in Figs. 18a and 18b. In contrast, the 1800 and 2000 mm columns exhibited global instability demonstrated by buckling (Figs. 18c and 18d).
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Figure 18: Failure modes of back-to-back C-section columns partially encased with concrete: (a) L = 600 mm; (b) L = 1200 mm; (c) L = 1800 mm; (d) L = 2000 mm

While studying the failure modes of face-to-face un-filled and concrete-filled built-up columns with a length of 2000 mm, we observed global buckling instability. Compressive deformations do not always play a decisive role in vertical structural elements. On the other hand, buckling is a form of instability specific to slender compressed elements, which occurs at a certain load and depends on the relationship between the cross-section and height of the element in consideration. The face-to-face C-profile configuration offers advantages, especially when concrete is added. In practice, this setup eliminated the need for formwork and ensured complete containment of concrete, protecting its external surface from external forces or aggression, as observed in Fig. 19 and Table 4.
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Figure 19: Failure modes of face-to-face C-section columns of 2000 mm length (a) un-filled with concrete, and (b) filled with concrete

There was an improvement in the failure mode of the concrete-filled box model (Fig. 20b) compared with the un-filled model which showed global buckling instability (Fig. 20a).
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Figure 20: Failure modes of box C-section columns of 2000 mm length (a) un-filled with concrete and (b) filled with concrete

4.5 Results Confirmation

The validation of the obtained results was conducted by comparing them to the failure loads determined by Eurocode 4, which provides guidelines for the elastic bending rigidities of mixed cross-sections (steel-concrete). Eq. (12) was applied to mixed columns encased in concrete, such as the back-to-back model, while Eq. (13) was used for concrete-filled models like the face-to-face and box models.

Table 4 summarizes all the analytical results based on Eurocode 3 and Eurocode 4, alongside the numerical results for both un-filled and concrete-filled steel columns, including their instability modes. We noted a very good agreement between these results, with a minor difference not exceeding 8%. This discrepancy was attributed to the consideration of interaction effects between surfaces in the numerical models, as validated by ABAQUS software. In the back-to-back and face-to-face models, the ultimate loads were very similar, whereas the box model exhibited a notable increase in ultimate load of about 30% for the un-filled models and 16% for the concrete-filled models.

Fig. 21 presents a comparative study of the analytical and numerical results for un-filled and concrete-filled cold-formed columns of different lengths with various configurations, using graphical histograms; back-to-back (Fig. 21a), face-to-face (Fig. 21b), and box (Fig. 21c). For the different lengths, we noted a strong correlation between the analytical and numerical results for both un-filled and concrete-filled columns, with only a slight difference not exceeding 8%. The critical load of models with back-to-back (Fig. 21a) and face-to-face (Fig. 21b) un-filled configurations closely approximated that of the box configuration (Fig. 21c), which increased by approximately 30% due to the stiffening of the flanges, playing a crucial role in enhancing resistance. Compared with un-filled columns, the ultimate load nearly doubled in concrete-filled columns, representing a 48% increase, primarily due to the interaction between steel and concrete, which enhanced confinement effects, thus improving column strength and rigidity.
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Figure 21: Comparison between analytical and numerical results of the studied models at different lengths for (a) back-to-back, (b) face-to-face, and (c) box configuration of columns

5  Conclusions and Recommendations

This paper presented a finite element numerical study of built-up cold-formed C-columns with different configurations, including back-to-back, face-to-face, and box. High-grade concrete was employed to fill these columns, inducing compressive stresses and resistance. The concrete confinement effect was considered, particularly for the face-to-face and box configurations. The critical load values analytically calculated based on the Eurocode 3 and Eurocode 4 standards were compared based on the numerical results obtained. The main conclusions were:

•   For 2000 mm length un-filled columns, the maximum lateral displacement occurred in the middle for the face-to-face configuration, and at 550 mm for the box configuration. Local buckling was observed in the back-to-back configuration columns at lengths of 450 and 1200 mm.

•   It was noteworthy that the un-filled box columns exhibited an increase in failure load by approximately 30% compared with the back-to-back and face-to-face models.

•   The results indicated that the proposed models provide a dependable and efficient means of assessing the stability of doubly constructed columns across different configurations, with a focus on measuring lateral displacement. These models could effectively capture various types of instability, including local, distortional, and global buckling, in cold-formed built-up columns.

•   In contrast to un-filled built-up columns, assembled columns filled with concrete exhibited a significant decrease in deformations and a twofold increase in bearing capacity.

•   The addition of concrete to the interior of the cold-formed built-up columns significantly increased their structural strength, providing a larger load capacity and improved resistance to compressive pressures. This combination of cold-formed steel and concrete enhanced their performance.

•   Face-to-face configuration columns either filled or un-filled with concrete demonstrated a moderate influence that remained within a 40% range.

•   According to the histograms, the box column demonstrated an increase in ultimate load of approximately 30% when un-filled and 16% when filled, compared with the other models. This increase was attributed to the stiffness of the flanges, which played a crucial role in enhancing resistance.

•   Among the models studied, the concrete-filled box model indicated optimal behavior in terms of minimizing imperfections arising from elastic instabilities when compared with the other models.

•   There was a very good correlation, with differences of no more than 8%, between numerical and analytical results. Further investigation will be conducted to assess the influence of other factors, such as the b/t ratio of assembled sections with different slenderness and the use of different types of concrete, on the bearing capacity of built-up columns.
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Table 3: Mechanical properties of concrete C25/30

Element Density y  Elastic modulus Poisson’s  f.(MPa)  f.. (MPa) fiuo0s 0.5
(kg/m?) E.. (MPa) ratio v, (MPa) (MPa)

Concrete 2400 23500 0.2 25 2.6 1.8 3.3
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Table 4: Analytical and numerical results of cold-formed steel built-up columns

Model Length Un-filled Concrete-filled
(mm) Analytical Numerical Failure  Analytical Numerical Failure mode
load (kN) load (kN) mode load (kN) load (kN)
600 76.86 79.24 Local 148.42 154.61 Distortional
buckling instability with
disbonding
between the
contact surfaces
of steel and
concrete
Back-to- 1200 75.72 78.88 Local 144.64 153.87 Distortional
back buckling instability with
disbonding
between the
contact surfaces
of steel and
concrete
1800 75.42 80.24 Local 143.90 153.90 Global buckling
buckling
2000 73.20 78.71 Local 141.55 152.20 Global buckling
buckling
600 74.15 78.51 Local =5, 16 153.23 Local buckling
buckling
Face-to- 1509 7387 78.59 Local  144.12 150.12 Local buckling
face .
buckling
1800 73.31 78.41 Local 140.39 147.78 Global buckling
buckling
2000 72.59 78.48 Global 135.11 143.73 Global buckling
buckling
600 9820 10220  Local 45335 yg593  Localand global
buckling buckling
Box 1200 96.84 101.94 Local 167.47 176.29 Local and global
buckling buckling
1800 95.94 102.07 Local 154.43 166.05 Global buckling
buckling
2000 94.35 101.45 Global 154.65 167.73 —

buckling
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Table 1: Geometrical properties of cold-formed steel built-up C-sections

Parameters Unit Sections

Back-to-back Face-to-face Box

Width of the cross-section (B) mm 40 40 40
Width of the profile (b,) mm 20 20 —
Height of the cross-section (H) mm 75 75 75
Length of dropped edge (C) mm 10 10 10
Bend radius (R) mm 2.1 2.1 2.1
Thickness of the cross-section (t) mm 1.2 1.2 1.2
Width of the concrete (B’) mm 18.8 37.6 36.4

Height of the concrete (H’) mm 72.6 72.6 70.2
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Table 2: Mechanical properties of steel

Element  Density y Young’s modulus Poisson’sratio  Yield strength Tensile strength
(kg/m’) E, (MPa) v, /y (MPa) /.« (MPa)

Steel 7850 210000 0.3 250 330
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